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The epidermis is a dynamic and continually renewing
surface that provides and maintains a life-sustaining in-
terface with the environment. The epidermal keratino-
cyte, the major cell type of the epidermis, undergoes a
complex and carefully choreographed program of dif-
ferentiation. This process requires a balance between
keratinocyte proliferation, di¡erentiation, and apopto-
sis. This overview will concentrate on cascades that reg-
ulate the balance between keratinocyte cell proliferation
and survival, and apoptosis and cell di¡erentiation,
with a particular emphasis on the role of the mitogen-
activated protein kinase cascades. A summary of the lit-
erature suggests that extracellular regulated kinases
function to promote keratinocyte proliferation and sur-
vival, whereas p38 mitogen-activated protein kinase
functions to promote di¡erentiation and apoptosis. Key
words: apoptosis/caspase/epidermis/gene expression/keratino-
cyte di¡erentiation/MAPK. JID Symposium Proceedings
7:36 ^40, 2002
I
n recent decades study of keratinocyte di¡erentiation has
yielded substantial new insights. Early e¡orts identi¢ed
and cataloged many of the morphologic properties of kera-
tinocytes. Progress was limited, however, by the lack of a
suitable in vitro system for the study of keratinocyte di¡er-
entiation. The 1970s heralded the arrival of various cell culture
models that permitted keratinocytes to be grown in mass culture
(Rheinwald and Green, 1975; Elgjo et al, 1976; Bettger et al, 1981;
Boyce and Ham, 1983). This, in turn, accelerated progress in iden-
tifying major structural proteins that participate in formation of
di¡erentiated structures. The evolution of culture technology
coupled with the revolution in gene analysis technologies led to
the identi¢cation of a host of proteins that form di¡erentiated
structures in keratinocytes (Green, 1980; Fuchs and Byrne, 1994;
Eckert et al, 1997). The ability to isolate the genes encoding these
proteins subsequently identi¢ed DNA sequences that regulate
gene expression. In recent years, the knowledge built during the
1970s and 1980s has led to a substantial interest in understanding
how keratinocyte di¡erentiation is regulated and in elucidating
the signaling mechanisms that control gene expression.
KERATINOCYTE SURVIVAL, DIFFERENTIATION, AND
DEATH ^ A COMPLICATED RELATIONSHIP
Keratinocytes begin as proliferation-competent basal layer cells
that are characterized by expression of speci¢c basal-cell-asso-
ciated marker proteins. These cells, in turn, give rise to daughter
cells that terminally di¡erentiate. Cell di¡erentiation results in the
stacking of multiple keratinocyte layers above the basal zone,
forming the spinous, granular, and corni¢ed layers (Eckert et al,
1997). Each layer expresses speci¢c gene products that are re-
quired for the di¡erentiation process, and expression of each gene
product requires speci¢c regulatory inputs. In general, cultured
keratinocytes, and keratinocytes in epidermis, undergo di¡eren-
tiation (Gandarillas, 2000), a slow process that involves substantial
changes in the intracellular pattern of protein expression. During
this process, keratinocytes enlarge, £atten, and are ultimately re-
leased from the epithelial surface (Eckert et al, 1997). In addition
to di¡erentiation, however, there is another pathway available ^
programmed cell death. The programmed cell death (apoptotic)
pathway is best characterized as resulting from exposure to harm-
ful stimuli such as ultraviolet (UV) radiation. In contrast to dif-
ferentiation, apoptosis is executed on a time scale of hours and
results in elimination of individual cells from the tissue. In
UVB-exposed epidermis, apoptosis is associated with sunburn
cell formation. Di¡erentiation and apoptosis are distinct processes
that share signi¢cant overlap with respect to marker gene expres-
sion. Moreover, the selection of a particular pathway depends
upon environmental factors (Mitra et al, 1997; Gandarillas et al,
1999; Takahashi et al, 2000). For example, treatment of cultured
keratinocytes with ionophore results in di¡erentiation that is as-
sociated with activation of caspase-14 (Lippens et al, 2000) but not
other caspases (Takahashi et al, 2000). In contrast, treating kerati-
nocytes with UVB produces annexinV- and propidium iodide-,
and caspase 3 positive cells, indicative of an apoptotic process
(Takahashi et al, 2000). In addition the death receptor signaling
pathway, including Fas and Fas ligand, has now been shown to
play a role in the UVB-dependent keratinocyte apoptosis (Wehrli
et al, 2000). The net sum of these ¢ndings suggests that apoptosis
and di¡erentiation are distinct processes that share many overlap-
ping features and common markers (Gandarillas, 2000).
There is at present an active search, which will continue in
the next decades, to identify signaling pathways that regulate cell
survival and death. To achieve a balance between di¡erentiation,
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apoptosis, and proliferation, keratinocytes utilize multiple coun-
tervailing mechanisms ^ some of which promote survival,
whereas others promote extinction. These studies have identi¢ed
regulatory cascades that play a central role in regulating keratino-
cyte di¡erentiation.This review will examine the contribution of
several regulatory cascades on these processes, with a particular
emphasis on the role of the mitogen-activated protein kinase
(MAPK) cascades (Davis, 1995).
MAPK CASCADES
At least three major MAPK pathways, the ERK1/2, JNK, and p38
MAPK cascades, have been described (Fig 1). Each cascade in-
cludes a MEK kinase (MEKK), which activates a MAPK/ERK
kinase (MEK), which activates a MAPK (Robinson and Cobb,
1997; Ichijo, 1999). Each pathway, in turn, di¡erentially regulates
downstream targets including transcription factors. The activated
transcription factors, in turn, bind to DNA elements and modu-
late gene expression. Figure 1 shows a greatly simpli¢ed sche-
matic of these pathways in which each pathway is represented in
a linear format. In fact, a great many studies describe extensive
crosstalk among these cascades wherein a particular kinase in
one pathway in£uences a kinase in another pathway. For exam-
ple, a MEKK1, MEK3, p38 MAPK pathway regulates involucrin
gene expression (E¢mova et al, 1998), and MEKK1 and MEK1
regulate SPRR1B expression (Vuong et al, 2000). These types of
observations illustrate that these cascades are wired into highly
interdependent regulatory networks, and further suggest that the
ultimate regulatory outcome (proliferation, survival, apoptosis,
di¡erentiation) is likely to be dependent upon the balance be-
tween regulatory inputs.
PRO-DIFFERENTIATION PATHWAYS
The MAPKs (Fig 1) are central players in regulating keratinocyte
di¡erentiation. Recent studies suggest that a variety of pro-di¡er-
entiation signaling kinases channel di¡erentiation-promoting in-
put into the MAPK cascades. Apoptosis signaling kinase (ASK1)
is a MAPK kinase kinase (MEKK) involved in stress-induced sig-
naling (Matsuzawa and Ichijo, 2001). ASK1 has been suggested to
have a role in regulating keratinocyte di¡erentiation, as it is ex-
pressed in the suprabasal epidermal layers (Sayama et al, 2001).
Moreover, expression of constitutively active ASK1 in keratino-
cytes activates JNK and p38 MAPK-associated signaling (Sayama
et al, 2001). Di¡erentiation-associated marker gene expression
(transglutaminase, loricrin, involucrin) is also increased when
ASK1 is overexpressed (Sayama et al, 2001). This kinase appears
to be linked to p38 MAPK, as inhibition of p38 activity stops
these ASK1-dependent responses.
Involucrin, a marker of early keratinocyte di¡erentiation, is ex-
pressed in the spinous and granular cell layers (Rice and Green,
1979; Eckert et al, 1997). Studies designed to identify mechanisms
that regulate hINV gene expression located two elements in the
hINV promoter, the distal- and proximal-regulatory regions, that
mediate gene activation (Welter et al, 1996; E¢mova et al, 1998).
Extensive studies of the DNA elements in these regions identify
AP1, Sp1, and C/EBP as the transcription factors responsible for
basal and di¡erentiation-associated gene expression (Welter et al,
1996; Banks et al, 1998; 1999; Dashti et al, 2001a; 2001b). Signal
transduction analyses, using dominant-negative kinases and ki-
nase inhibitors, show that activation is mediated by a cascade that
includes protein kinase c (PKC) (E¢mova and Eckert, 2000), Ras,
MEKK1 (E¢mova et al, 1998), various MEK isoforms (E¢mova
et al, 1998; Dashti et al, 2001a; 2001b), and p38 MAPK (Dashti et
al, 2001a; 2001b). Induction of gene expression is strictly asso-
ciated with activation of the novel PKC isoforms (E¢mova and
Eckert, 2000).This pro-di¡erentiation role for the novel PKC iso-
forms is consistent with other studies showing that nPKC iso-
forms promote di¡erentiation and/or apoptosis (Ohba et al, 1998;
Li et al, 1999). In contrast, the classical and atypical PKC isoforms
do not appear to be involved (Li et al, 1999; E¢mova and Eckert,
2000), and recent studies indicate that the classical PKC isoforms
antagonize the calcium-dependent activation of hINV gene ex-
pression (Deucher et al, 2002). These studies also indicate that
Ras activity is required for expression and that the Ras signal is
conveyed downstream to MEKK1 (E¢mova et al, 1998). The
MEKK1 signal is then transferred downstream via activation of
MEK1, MEK3, MEK6, and/or MEK7 (E¢mova et al, 1998; Dashti
et al, 2001a; 2001b). The speci¢c MEK isoform involved in the
regulation may depend upon the source of the incoming di¡er-
entiation signal, as each MEK isoform di¡erentially regulates
MAPK activation. In addition, the di¡erentiation-positive signal
is associated with reduced ERK1/2 activity (E¢mova and Eckert,
unpublished). p38a and p38d are the major p38 MAPK isoforms
that mediate the activation of gene expression (E¢mova et al,
1998; Dashti et al, 2001a; 2001b).
MAPK cascades have also been reported to regulate expression
of other markers of di¡erentiation, including SPRR1B (Vuong
et al, 2000). A pathway that includes PKCd, Ras, MEKK1,
MEK, and AP1 regulates this gene. A speci¢c MAPK isoform
has not been implicated.The human cystatin A gene has also been
studied. Cystatin A expression is positively regulated by a pathway
that includes Ras, MEKK1, MEK7, JNK, and negatively
regulated by a Ras, Raf1, MEK1, ERK1/2 pathway (Takahashi et
al, 2001). These ¢ndings are particularly interesting, as they imply
a role for Ras in promoting di¡erentiation, although Ras can
also function in a positive manner to promote cancer progression
(Denning et al, 1993). PKC activity is also required for in-
creased transglutaminase activity (Dlugosz and Yuspa, 1994) and
this response is mediated by novel PKC isoforms (Ueda et al,
1996).
PKCZ, which is known to promote keratinocyte di¡erentia-
tion via MAPK cascade activation (E¢mova and Eckert, 2000),
also appears to work by a second mechanism ^ that of forming a
complex with cyclinE/cdk2/p21 to reduce cdk2 activity (Ishino
et al, 1998; Kashiwagi et al, 2000). This may provide a complemen-
tary mechanism, permitting PKCZ to reduce proliferation while
concomitantly enhancing di¡erentiation. In addition, PKCZ in-
teracts with Fyn, an Src kinase family member that is required
for normal keratinocyte di¡erentiation (Cabodi et al, 2000). Fyn
appears to reduce keratinocyte proliferation by downregulating
epidermal growth factor receptor (EGFR) signaling. PKCZ ac-
tivity is necessary for Fyn activation and the two proteins are as-
sociated (Cabodi et al, 2000). This result suggests that PKCZ
Figure1. The MAPK cascades. Incoming signals that regulate prolifera-
tion, di¡erentiation, and apoptosis are shuttled through three majorMAPK
cascades.These are named based on the target of a three-kinase module that
includes a MAPK kinase kinase, a MAPK kinase, and a MAPK. The
MAPKs are ERK1/2, JNK1/2, and p38. For simplicity, these pathways are
presented as linear cascades. There is substantial interconnection among the
cascades at all levels, however.
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suppresses keratinocyte proliferation via a mechanism that in-
volves Fyn-dependent downregulation of EGFR function.
In general, the above studies suggest that pro-di¡erentiation
stimuli act via novel PKCs and various MAPK kinase kinases,
including MEKK1 and ASK1, to enhance keratinocyte di¡eren-
tiation. In addition, these stimuli also appear to suppress EGFR
activity.
PRO-APOPTOSIS PATHWAYS
UVB light is an important apoptotic stimulus that has been ex-
tensively studied. UVB exposure produces a number of signal-
ing-related changes in cell function. E¡orts to understand the
UVB-dependent death process has led to the identi¢cation of
speci¢c agents that inhibit cell death. Several of these ¢ndings
are summarized below. UVB exposure on HaCaT cells is asso-
ciated with sustained activation of p38 MAPK, mitochondrial cy-
tochrome c release, and caspase-3 activation (Assefa et al, 2000).
Inhibition of p38 MAPK activity inhibits these responses. A re-
lated study in HaCaT cells reports UVB-associated p38 MAPK
and JNK activation (Shimizu et al, 1999). Moreover, SB203580 in-
hibits the apoptotic response, further suggesting a pro-apoptotic
role for p38 MAPK (Shimizu et al, 1999). In normal human kera-
tinocytes, UVB treatment increases reactive oxygen species asso-
ciated events and activation of p38 and ERK1/2. The ERK1/2
activation is transient, whereas the p38 activation is sustained
(Peus et al, 1999; 2000). Inhibition of ERK1/2, using the MEK1/2
inhibitor PD98059, results in enhanced apoptosis (Peus et al, 1999).
UVB treatment also increases p38 phosphorylation in SV40
transformed human keratinocytes (Nakamura et al, 2001). Taken
together, these studies suggest that ERK1/2 is pro-survival and
antiapoptotic, and p38 activation is pro-apoptotic.
Upstream signaling kinases have also been implicated in regu-
lation of cell death. UVB treatment of keratinocytes results in the
release of the catalytic fragment of PKCd into the soluble phase
(Denning et al, 1998). This is associated with increased soluble
PKCd catalytic activity and caspase activation. Caspase activation
may regulate PKCd cleavage, as caspase inhibitors block the
UVB-dependent formation of soluble PKCd, and apoptosis
(Denning et al, 1998). Moreover, in normal keratinocytes, PKCd
overexpression coupled with phorbol ester treatment results in
localization of PKCd to the mitochondria followed by alteration
of mitochondrial membrane potential and cell death. This re-
sponse requires PKCd activity, as it is attenuated by PKC in-
hibitors (Li et al, 1999). Vitamin-D-associated apoptosis is also
associated with activation of MEKK1 and p38 MAPK, and loss
of MEK1 and ERK1/2 activity (McGuire et al, 2001).
PRO-SURVIVAL PATHWAYS
Several agents that target MAPK cascade function are important
in promoting keratinocyte survival. EGFR is a transmembrane
tyrosine kinase that activates a variety of intracellular signaling
cascades. In keratinocytes, EGFR promotes survival via e¡ects
on MAPK cascade activity (Mendelsohn and Baselga, 2000; Pre-
nzel et al, 2001). Culturing keratinocytes in suspension medium or
treating with UVB radiation results in cell death. Treatment with
EGF counters this tendency. EGFR stimulates keratinocyte survi-
val in suspension culture via a mechanism that requires MEK1/2
activity, as shown by inhibition of the survival response by
PD98059, an MEK1/2 inhibitor, or by expression of dominant-
negative MEK1 (Jost et al, 2001a; 2001b). Keratinocyte apoptosis
is also stimulated by UVB treatment, and, perhaps paradoxically,
is associated with activation of EGFR. EGFR, in turn, activates
ERK1/2 and p38 MAPK (Peus et al, 2000). Inhibition of EGFR
activation by the EGFR-speci¢c inhibitor PD153035 results in
enhanced UVB-dependent apoptosis (Peus et al, 2000). Moreover,
treatment with this inhibitor results in reduced ERK1/2 activity,
indicating that ERK is required for the survival response (Jost
et al, 1999; Peus et al, 2000). Thus, EGFR activation may represent
an e¡ort by the cell to promote survival in the face of the apop-
totic stimulus.
The nuclear factor kB (NFkB) cascade has also been impli-
cated in keratinocyte survival. NFkB interacts with IkBa, an in-
hibitor of NFkB activity, to regulate the level of active NFkB
(Joyce et al, 2001). Expression of the super-repressor form of
IkBa in transgenic mouse epidermis results in hyperplasia
and increased sensitivity to UVB-dependent apoptosis (van
Hogerlinden et al, 1999). Other survival agents also function via
NFkB. Interferon-g (IFNg)/phorbol ester cotreatment results in
enhanced survival of UVB-challenged keratinocytes (Qin et al,
1999), and this survival is impaired when dominant-negative IkBa
is expressed. In addition, IFNg/phorbol ester treatment inhibits
caspase-3, caspase-8, and PARP activation in response to UVB
treatment (Chaturvedi et al, 1999; Qin et al, 1999).
Proteins associated with adhesion and adherens junction for-
mation can also function in cell survival via regulation of MAPK
function. An example is b1-integrin. Inhibition of b1-integrin
function by expression of dominant-negative b1-integrin in cul-
tured keratinocytes results in reduced MAPK activity and cell
exit from the stem cell compartment (Zhu et al, 1999). Overex-
pression of wild-type b1-integrin restores normal regulation. Ex-
pression of dominant-negative MEKK1 decreases adhesiveness
and stem cell number similar to b1-integrin knockout, suggest-
ing that the MAPK cascade is downstream of the b1-integrin sig-
nal. These studies suggest that b1-integrin and MAPK cooperate
to maintain the epidermal stem cell compartment (Zhu et al, 1999;
Haase et al, 2001). Forced b1-integrin expression in suprabasal epi-
dermal layers results in increased MAPK activity in basal and
suprabasal keratinocytes, and enhanced cell proliferation (Haase
et al, 2001).
Other cell adhesion/junction proteins also interface with the
MAPK cascades. a-Catenin ablation in mouse epidermis leads to
hyperproliferation coupled with the appearance of subrabasal mi-
toses and multinucleated cells, and is associated with MAPK acti-
vation (Vasioukhin et al, 2001). This result suggests that a-catenin
expression may be required to maintain cells in the nonprolifera-
tive state. In HaCaT cells, E-cadherins stimulate MAPK activity
through the ligand-independent activation of EGFR (Pece and
Gutkind, 2000). Inhibition of adherens junction formation by
anti-E-cadherin antibody inhibits MAPK activation, as does
AG1478, an EGFR inhibitor. PKCd expression induces serine
phosphorylation of a6b4-integrin, promotes its loss from the
hemidesmosome complex, and reduces keratinocyte attachment
(Alt et al, 2001). These studies point to a close relationship be-
tween adhesion protein status and the status of the intracellular
signaling cascades.
In addition to mediating apoptotic responses, MAPKs are
also involved in processes that promote cell transformation. As
noted above, UVB treatment of keratinocytes induces apoptosis.
Persistent UVB exposure, however, leads to DNA damage and
tumor formation. MAPK cascades have been implicated in the
process. Cyclooxygenase-2 (COX-2) is an important enzyme in
the synthesis of prostaglandins, which stimulate in£ammation
and cell proliferation. UVB treatment of cultured keratinocytes
leads to increased COX-2 expression (Tang et al, 2001). The acti-
vation is due to phosphorylation of CREB and ATF1 transcrip-
tion factors that then bind to the COX-2 promoter. CREB and
ATF1 phosphorylation and binding to DNA require p38 MAPK
activity, as evidenced by inhibition of these responses by
SB202190. Urokinase-type plasminogen activator (uPA) is an en-
zyme involved in cell mobility and invasiveness (Santibanez et al,
2000). Inhibition of ERK1/2 activity by antisense oligonucleo-
tides or by inhibition of MEK1 using PD98059 reduces basal
uPA and eliminates the transforming growth factor b1 induction
of uPA, a response that also requires Ras activity (Santibanez et al,
2000). IFNg also increases COX-2 expression. This response
is mediated via activation of EGFR and involves subsequent
activation of ERK1/2 to increase COX-2 transcription (Matsuura
et al, 1999).
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Matrix protein breakdown is another feature associated with
cancer cell survival and movement. Matrix metalloproteinases
(MMP) play an important role in conferring this ability on cells
(Stetler-Stevenson et al, 1993). In HaCaT cells, tumor necrosis fac-
tor a treatment stimulates ERK1/2, JNK, and p38 activity, which
leads to increased MMP-1, MMP-9, and MMP-13 expression
(Johansson et al, 2000). Blocking p38 with SB203580 inhibits
these responses. Blocking MEK1 using PD98059 stops the
MMP-1 and MMP-9 increase, but not the MMP-13 increase.
EGFR activation also increases cell motility and MMP-9 produc-
tion via an MEK1- and ERK1/2-dependent mechanism (Zeigler
et al, 1999).Thus, ERK1/2 and p38 signaling are important in gen-
erating the invasive phenotype.
SUMMARY^MAPK-DEPENDENT REGULATION IN
KERATINOCYTES
Although exceptions can be cited, the above results suggest sev-
eral general regulatory themes. First, there appears to be a consis-
tent role for the ERK1/2 kinases in enhancing keratinocyte
proliferation and survival (Fig 2). ERK1/2 appears to mediate
pro-proliferation and pro-survival information from a range of
di¡erent agents, including growth factors and cellular adhesion
proteins. Second, agents that promote di¡erentiation and apopto-
sis appear to signal these processes via a p38 MAPK-dependent
mechanism (E¢mova et al, 1998). This is a particularly interesting
¢nding, as early studies, in other systems, suggested that p38
MAPKwas strictly involved in mediating stress responses. Third,
kinases that promote both di¡erentiation and apoptosis appear to
share overlapping pathways of regulation. For example, ASK1 is
known to promote apoptosis in a variety of cell types, and in ker-
atinocytes it promotes expression of markers of di¡erentiation
(Sayama et al, 2001). Also, the novel PKC isoforms can promote
both di¡erentiation and/or apoptosis (Ohba et al, 1998; Li et al,
1999; E¢mova and Eckert, 2000;Vuong et al, 2000). The fact that
these pathways are regulated by similar input suggests that there
may also be common end responses. Thus, it may be di⁄cult to
distinguish one process from another. Caspase status may be use-
ful for distinguishing these processes, as recent studies suggest
that speci¢c caspase isoforms are expressed during di¡erentiation
(caspase-14) versus apoptosis (killer caspases) (Eckhart et al, 2000a;
2000b; Lippens et al, 2000; Kuechle et al, 2001). Fourth, cell fate is
likely to depend upon the balance of input from the pro-survival
and pro-di¡erentiation/apoptosis cascades. This conclusion is
based on studies pitting pro-apoptosis/pro-di¡erentiation agents
against pro-survival agents.These studies suggest that the net out-
come is a response to the strength of the inputs. In general, these
experiments indicate that the ERK cascade is battling the p38
MAPK cascade, suggesting that the balance of £ow through the
cascades is likely to determine the ¢nal fate of the cell.
This work utilized the facilities of the Skin Diseases Research Center of Northeast
Ohio (NIH, AR39750) and was supported by grants from the National Institutes of
Health (RLE). Dr. E¢mova is a Dermatology Foundation Research Fellow, and
Anne Deucher is a Medical StudentsTraining Program Fellow.
REFERENCES
Alt A, Ohba M, Li L, et al: Protein kinase Cd-mediated phosphorylation of a6b4 is
associated with reduced integrin localization to the hemidesmosome and de-
creased keratinocyte attachment. Cancer Res 61:4591^4598, 2001
Assefa Z,Vantieghem A, Garmyn M, et al: p38 mitogen-activated protein kinase reg-
ulates a novel, caspase-independent pathway for the mitochondrial cyto-
chrome c release in ultraviolet B radiation-induced apoptosis. J Biol Chem
275:21416^21421, 2000
Banks EB, Crish JF, Welter JF, Eckert RL: Characterization of human involucrin
promoter distal regulatory region transcriptional activator elements  a role
for Sp1 and AP1 binding sites. Biochem J 331:61^68, 1998
Banks EB, Crish JF, Eckert RL:Transcription factor Sp1 activates involucrin promo-
ter activity in non-epithelial cell types. Biochem J 337:507^512, 1999
BettgerWJ, Boyce ST,Walthall BJ, Ham RG: Rapid clonal growth and serial passage
of human diploid ¢broblasts in a lipid-enriched synthetic medium supplemen-
ted with epidermal growth factor, insulin, and dexamethasone. Proc Natl Acad
Sci USA 78:5588^5592, 1981
Boyce ST, Ham RG: Calcium-regulated di¡erentiation of normal human epidermal
keratinocytes in chemically de¢ned clonal culture and serum-free serial cul-
ture. J Invest Dermatol 81:33s^40s, 1983
Cabodi S, Calautti E, Talora C, et al: A PKC-Z/Fyn-dependent pathway leading to
keratinocyte growth arrest and di¡erentiation. Mol Cell 6:1121^1129, 2000
Chaturvedi V, Qin JZ, Denning MF, et al: Apoptosis in proliferating, senescent, and
immortalized keratinocytes. J Biol Chem 274:23358^23367, 1999
Dashti SR, E¢movaT, Eckert RL: MEK7-dependent activation of p38 MAP kinase
in keratinocytes. J Biol Chem 276:8059^8063, 2001a
Dashti SR, E¢mova T, Eckert RL: MEK6 regulates human involucrin gene expres-
sion via a p38a- and p38d-dependent mechanism. J Biol Chem 276:27214^
27220, 2001b
Davis RJ: Transcriptional regulation by MAP kinases. Mol Reprod Dev 42:459^467,
1995
Denning MF, Dlugosz AA, Howett MK,Yuspa SH: Expression of an oncogenic ra-
sHa gene in murine keratinocytes induces tyrosine phosphorylation and re-
duced activity of protein kinase Cd. J Biol Chem 268:26079^26081, 1993
Denning MF,Wang Y, Nickolo¡ BJ,Wrone-Smith T: Protein kinase Cd is activated
by caspase-dependent proteolysis during ultraviolet radiation-induced apopto-
sis of human keratinocytes. J Biol Chem 273:29995^30002, 1998
Deucher A, E¢mova T, Eckert RL: Calcium-dependent involucrin expression is in-
versely regulated by protein kinase C (PKC) a and PKCd. J Biol Chem
277:17032^17040, 2002
Dlugosz AA, Yuspa SH: Protein kinase C regulates keratinocyte transglutaminase
(TGK) gene expression in cultured primary mouse epidermal keratinocytes in-
duced to terminally di¡erentiate by calcium. J Invest Dermatol 102:409^414, 1994
Eckert RL, Crish JF, Robinson NA: The epidermal keratinocyte as a model for the
study of gene regulation and cell di¡erentiation. Physiol Rev 77:397^424, 1997
Eckhart L, DeclercqW, Ban J, et al: Terminal di¡erentiation of human keratinocytes
and stratum corneum formation is associated with caspase-14 activation. J Invest
Dermatol 115:1148^1151, 2000a
Eckhart L, Ban J, Fischer H,Tschachler E: Caspase-14: analysis of gene structure and
mRNA expression during keratinocyte di¡erentiation. Biochem Biophys Res
Commun 277:655^659, 2000b
E¢mova T, LaCelle P,Welter JF, Eckert RL: Regulation of human involucrin pro-
moter activity by a protein kinase C, Ras, MEKK1, MEK3, p38/RK, AP1 sig-
nal transduction pathway. J Biol Chem 273:24387^24395, 1998
E¢movaT, Eckert RL: Regulation of human involucrin promoter activity by novel
protein kinase C isoforms. J Biol Chem 275:1601^1607, 2000
Elgjo K, Hennings H, Michael D,Yuspa SH: Natural synchrony of newborn mouse
epidermal cells in vitro. J Invest Dermatol 66:292^296, 1976
Fuchs E, Byrne C: The epidermis: rising to the surface. Curr Opin Genet Dev 4:725^
736, 1994
Gandarillas A: Epidermal di¡erentiation, apoptosis, and senescence: common path-
ways? Exp Gerontol 35:53^62, 2000
Gandarillas A, Goldsmith LA, Gschmeissner S, et al: Evidence that apoptosis and
terminal di¡erentiation of epidermal keratinocytes are distinct processes. Exp
Dermatol 8:71^79, 1999
Figure 2. MAPK signaling in keratinocytes. Summary of the role of
MAPK cascades in regulating keratinocyte function. In general, the
ERK1/2 cascade promotes survival/proliferation, whereas the p38 MAPK
cascade mediates pro-di¡erentiation and pro-apoptosis responses.
MAPK AND KERATINOCYTES 39VOL. 7, NO. 1 DECEMBER 2002
Green H: The keratinocyte as di¡erentiated cell type.The Harvey Lectures 74:101^139,
1980
Haase I, Hobbs RM, Romero MR, et al: A role for mitogen-activated protein kinase
activation by integrins in the pathogenesis of psoriasis. J Clin Invest 108:527^
536, 2001
van Hogerlinden M, Rozell BL, Ahrlund-Richter L,Toftgard R: Squamous cell car-
cinomas and increased apoptosis in skin with inhibited Rel/nuclear factor-kB
signaling. Cancer Res 59:3299^3303, 1999
Ichijo H: From receptors to stress-activated MAP kinases. Oncogene 18:6087^6093,
1999
Ishino K, Ohba M, Kashiwagi M, et al: Phorbol ester-induced G1 arrest in BALB/
MK-2 mouse keratinocytes is mediated by d and Z isoforms of protein kinase
C. Jpn J Cancer Res 89:1126^1133, 1998
Johansson N, Ala-aho R, Uitto V, et al: Expression of collagenase-3 (MMP-13)
and collagenase-1 (MMP-1) by transformed keratinocytes is dependent on
the activity of p38 mitogen-activated protein kinase. J Cell Sci 113:227^235,
2000
Jost M, Class R, Kari C, et al: A central role of Bcl-X (L) in the regulation of kera-
tinocyte survival by autocrine EGFR ligands. J Invest Dermatol 112:443^449,
1999
Jost M, Huggett TM, Kari C, et al: Epidermal growth factor receptor-dependent
control of keratinocyte survival and Bcl-xL expression through a MEK-depen-
dent pathway. J Biol Chem 276:6320^6326, 2001a
Jost M, Huggett TM, Kari C, Rodeck U: Matrix-independent survival of human
keratinocytes through an EGF receptor/MAPK-kinase-dependent pathway.
Mol Biol Cell 12:1519^1527, 2001b
Joyce D, Albanese C, Steer J, et al: NF-kB and cell-cycle regulation: th. Cytokine
Growth Factor Rev 12:73^90, 2001
Kashiwagi M, Ohba M,Watanabe H, et al: PKCZ associates with cyclin E/cdk2/p21
complex, phosphorylates p21 and inhibits cdk2 kinase in keratinocytes. Onco-
gene 19:6334^6341, 2000
Kuechle MK, Predd HM, Fleckman P, et al: Caspase-14, a keratinocyte speci¢c cas-
pase: mRNA splice variants and expression pattern in embryonic and adult
mouse. Cell Death Di¡er 8:868^870, 2001
Li L, Lorenzo PS, Bogi K, et al: Protein kinase Cdtargets mitochondria, alters mito-
chondrial membrane potential, and induces apoptosis in normal and neoplastic
keratinocytes when overexpressed by an adenoviral vector. Mol Cell Biol
19:8547^8558, 1999
Lippens S, Kockx M, Knaapen M, et al: Epidermal di¡erentiation does not involve
the pro-apoptotic executioner caspases, but is associated with caspase-14 induc-
tion and processing. Cell Death Di¡er 7:1218^1224, 2000
Matsuura H, Sakaue M, Subbaramaiah K, et al: Regulation of cyclooxygenase-2 by
interferon g and transforming growth factor a in normal human epidermal
keratinocytes and squamous carcinoma cells. Role of mitogen-activated pro-
tein kinases. J Biol Chem 274:29138^29148, 1999
Matsuzawa A, Ichijo H: Molecular mechanisms of the decision between life and
death: regulation of apoptosis by apoptosis signal-regulating kinase 1. J Biochem
(Tokyo) 130:1^8, 2001
McGuire TF, Trump DL, Johnson CS: Vitamin D (3)-induced apoptosis of murine
squamous cell carcinoma cells. Selective induction of caspase-dependent
MEK cleavage and up-regulation of MEKK-1. J Biol Chem 276:26365^26373,
2001
Mendelsohn J, Baselga J: The EGF receptor family as targets for cancer therapy. On-
cogene 19:6550^6565, 2000
Mitra RS,Wrone-Smith T, Simonian P, et al: Apoptosis in keratinocytes is not de-
pendent on induction of di¡erentiation. Lab Invest 76:99^107, 1997
Nakamura S,Takahashi H, Kinouchi M, et al: Di¡erential phosphorylation of mito-
gen-activated protein kinase families by epidermal growth factor and ultravio-
let B irradiation in SV40-transformed human keratinocytes. J Dermatol Sci
25:139^149, 2001
Ohba M, Ishino K, Kashiwagi M, et al: Induction of di¡erentiation in normal human
keratinocytes by adenovirus-mediated introduction of the Z and d isoforms of
protein kinase C. Mol Cell Biol 18:5199^5207, 1998
Pece S, Gutkind JS: Signaling from E-cadherins to the MAPK pathway by the re-
cruitment and activation of epidermal growth factor receptors upon cellcell
contact formation. J Biol Chem 275:41227^41233, 2000
Peus D, Vasa RA, Beyerle A, et al: UVB activates ERK1/2 and p38 signaling path-
ways via reactive oxygen species in cultured keratinocytes. J Invest Dermatol
112:751^756, 1999
Peus D, Vasa RA, Meves A, et al: UVB-induced epidermal growth factor receptor
phosphorylation is critical for downstream signaling and keratinocyte survival.
Photochem Photobiol 72:135^140, 2000
Prenzel N, Fischer OM, Streit S, et al:The epidermal growth factor receptor family as
a central element for cellular signal transduction and diversi¢cation. Endocr Re-
lat Cancer 8:11^31, 2001
Qin JZ, Chaturvedi V, Denning MF, et al: Role of NF-kB in the apoptotic-resistant
phenotype of keratinocytes. J Biol Chem 274:37957^37964, 1999
Rheinwald JG, Green H: Serial cultivation of strains of human epidermal keratino-
cytes: the formation of keratinizing colonies from single cells. Cell 6:331^343,
1975
Rice RH, Green H: Presence in human epidermal cells of a soluble protein precursor
of the cross-linked envelope: activation of the cross-linking by calcium ions.
Cell 18:681^694, 1979
Robinson MJ, Cobb MH: Mitogen-activated protein kinase pathways. Curr Opin
Cell Biol 9:180^186, 1997
Santibanez JF, Iglesias M, Frontelo P, et al: Involvement of the Ras/MAPK signaling
pathway in the modulation of urokinase production and cellular invasiveness
by transforming growth factor-b (1) in transformed keratinocytes. Biochem Bio-
phys Res Commun 273:521^527, 2000
Sayama K, Hanakawa Y, Shirakata Y, et al: Apoptosis signal-regulating kinase 1
(ASK1) is an intracellular inducer of keratinocyte di¡erentiation. J Biol Chem
276:999^1004, 2001
Shimizu H, BannoY, Sumi N, et al: Activation of p38 mitogen-activated protein ki-
nase and caspases in UVB-induced apoptosis of human keratinocyte HaCaT
cells. J Invest Dermatol 112:769^774, 1999
Stetler-StevensonWG, Liotta LA, Kleiner DE Jr: Extracellular matrix 6: role of matrix
metalloproteinases in tumor invasion and metastasis. FASEB J 7:1434^1441, 1993
Takahashi H, Aoki N, Nakamura S, et al: Corni¢ed cell envelope formation is dis-
tinct from apoptosis in epidermal keratinocytes. J Dermatol Sci 23:161^169, 2000
Takahashi H, Honma M, Ishida-Yamamoto A, et al: Expression of human cystatin A
by keratinocytes is positively regulated via the Ras/MEKK1/MKK7/JNK sig-
nal transduction pathway but negatively regulated via the Ras/Raf-1/MEK1/
ERK pathway. J Biol Chem 276:36632^36638, 2001
Tang Q, ChenW, Gonzales MS, et al: Role of cyclic AMP responsive element in the
UVB induction of cyclooxygenase-2 transcription in human keratinocytes.
Oncogene 20:5164^5172, 2001
Ueda E, Ohno S, Kuroki T, et al: The Z isoform of protein kinase C mediates tran-
scriptional activation of the human transglutaminase 1 gene. J Biol Chem
271:9790^9794, 1996
VasioukhinV, Bauer C, Degenstein L, et al: Hyperproliferation and defects in epithe-
lial polarity upon conditional ablation of a-catenin in skin. Cell 104:605^617,
2001
Vuong H, Patterson T, Shapiro P, et al: Phorbol ester-induced expression of airway
squamous cell di¡erentiation marker, SPRR1B, is regulated by protein kinase
cd/Ras/MEKK1/MKK1-dependent/AP-1 signal transduction pathway. J Biol
Chem 275:32250^32259, 2000
Wehrli P,Viard I, Bullani R, et al: Death receptors in cutaneous biology and disease.
J Invest Dermatol 115:141^148, 2000
Welter JF, Gali H, Crish JF, Eckert RL: Regulation of human involucrin promoter
activity by POU domain proteins. J Biol Chem 271:14727^14733, 1996
Zeigler ME, Chi Y, Schmidt T,Varani J: Role of ERK and JNK pathways in regulat-
ing cell motility and matrix metalloproteinase 9 production in growth factor-
stimulated human epidermal keratinocytes. J Cell Physiol 180:271^284, 1999
Zhu AJ, Haase I,Watt FM: Signaling via b1 integrins and mitogen-activated protein
kinase determines human epidermal stem cell fate in vitro. Proc Natl Acad Sci
USA 96:6728^6733, 1999
40 ECKERT ETAL JID SYMPOSIUM PROCEEDINGS
